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This a^iplkatiop is a costkiMtba-k-psrt of U.S. patent application Serial 
No. 08/373,980, filed Jamiaiy 18, i99S, wMch is a coffitisu3illon~k-|)an of U.S. 
patient afi^katioii Serial No. d6/29»,204, Ued Angusl 31^ 1994. 

CONTRACTOAL CmifilW OF THi: INVENTION 

The Uidted States Goveitisnept te tiglm in thi$ iixinuitjoii pumttsnA to 
Contract No. CtS 89S7042 betmm Naticnial Scknce ForandBSipiii and th£: 
Uniwsiiy of Citiclimsti, 

TECHNICAL FIE3LD 

This ^^SapmBm islvtBs tp a vapor fSmns fsQam fbr ttie pccniuctiQii of 
titanlmn dioitMe, sUieoai ^i&uMs md i^mSmm xxsMe pow«ier« m&- o&et ceaciiinic 
powders Issvwg well-eoiatrioitkd csystatUne and sss^ area chaxactedstics. The 
ttiaterials produced aie especially uselnl as catalysts in pbotDCheinical tractions. 
The process is $1$q us^WI fat produdi^ metaUic and alloy powders. 



Titanium dioxide (titama) is extensively esed in pigiiieiits. inogq^aiiic 
n^branes, seroi-ocHidactiics. and as a plK^tncatalyst in gas and water punfkatiQn 
processes. More tftan two milli(H> tons of ti&kmuin dioxide ate produced annually: 
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.insist of.it .is jnanufeiaansd sasHMsd pjocesses which provide ilie sdvanmges of 
smaU psrtitfe size, mmm m& ifisttitatioii, nearly spherical particta and Iiigh 
pmriQf . Aerosol pmccsses also ase eaifiE^ effiefeia gsi s¥C5ld fte teeatmrat of 
large liquid ^dliames associated wiii m^msx^ wet chemistry procssses. Oa the 

5 otfaef hand, cosiveiMional aerosol piwe^s are very complex and lavolve many 
I*yslEosfeemical pteHOSseBS sjsd meniMSMS, such as .cteemtcal. raartion, particle 
nucleaticm, cOHdeosstlcn, cosgiilatim, aggregatiou, heat and mass transfer, 
.theinioi*oresis. The fcEdasesMs of these processes .are .sot well iisdemood smi, 
as a fesuit, the processes are dlfficialt to control precisely. This makes desiga, 

10 oparaiioB mA coiHK)! of imtostriai leaetars to essty oat these processes mote of an 
art than a sciemse, relyii^ heavfly m iexpencHce aad efupirtcism. 



The use of photocatalysls as a purification process for both gas and liqwid 
media has to of growing interest over tiw past decade. The photocatalytic 

15 defitnictioit of OTgsnic cootarainams is sisjiple, low ctwt and fast and, theijcforc, 

attractive for a variety of purfficatiOB sppilc«foss. This process involves iUumiQa- 
tion of catalytic lorticles with near UV-%ht to prc(m<«e ptaotoexdtmion of valswe 
bafsd electrom ai«l totes. Tliese dtectrons and lioles nnigxate to die sorfece of the 
catalytic partictes and larticipate in reductKHiyoxidatMHi (redoix) ieffl:tions wifli 

20 adsorbed species. Tfeeae redox reaction pioditce Wgldy reac^ 

^ds 8fE rrapoaaiWe for ttie oaudation and in sonw cases the miaefalization 
(comp!et<! osidaiioii lo carbwi <Jiojti«te. ^«atep and/or BCl) of the orsaiiic speciss. 
Ainttiig the oJd* seiniconductoM which haw beeti tised fbr the phoiocatalytic 
destractSon of orgaaic pollutaiss, the aaatase crystailinc phase of thanium dioxide 

25 is the most effective because of its high photoactivity and stabaity . 

Mnch of the cuiioit worit on photocatalysis has been done uMng 
coifflnercially available titararo dioxide powto. Thou^ these powders are, in 
some cases, treated to fanptovc thdr photocatalytic properties, they are generally 
30 origiijally prodMccd fc3ff this application. As a restdt, the most ittiponant 

projperties for photocatslysis, i.e., ^Ific stirfece area and ciystaffiae phase 
compositkWJu are not generally optimized dwsi^ powder mara^ Further, sk 
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disojssed abovs, maiiy qf the puracesses cunenlly used lo iM'odaoe tiitaitiiiiii dioxide 
aie rally able to coittml siucb chaxacteristics as surface area and phase comiKBitiiQn 

with relative difficulQf sM Itete pedsitm. 

,5 It wss in this context that the pipssent invsplion made. TMs invsntion 

provides m effective, easily c<Mtajied praress for prqiaiisiig ^tamam diojii^e (bM 
other ceiTsmic) powders. Partioitsrly, the present in;vent50ii aMows for the 
effective controlling of tbe level of anatase pfoase and the stirface area of the 
powder formed. By being able to vary and optiraize aoatsse ctmtent a.M surface 
10 aiea itidepepdently of »ch other, with relative ease, the materials produced are 
useful for any use of titsnium dioxide smA iBre panicuiarly a$efijd as (^lysts lor 
phptpoKidafion reactioos. 

Fonstenti, M., et al, ie Aeroscds and Almoaplieric Cfiemistni', G.M Hidy, 
15 ed., Araideniic Press, New Yw*. pages 45-55 (1972), piepai^d tisaRiinis dEOKide 
particles fmm the o?idati<wi of TiCl4 in m oxygen-liiydtogen diffijsioB flame. 
TiCI, w?a iratroduced into &se fcaction by aspkatioe maltil^ flow rsiass difficult 
control. They ^bnnd that the imnphokigy of the particles fomied was a l^iactiOQ of 
prectusor concentt^tion and residence time in the flame. Dopants suid etectric 
20 fields were not iised in the {sqpaiatiaii of titsnhiln dioxide. 

George, A.P., et al, Farad, Symp. Qsem. Soc.. 7: 63 (1973), inve^|»ted 
UtassiBn dioxide piodncti<»i in pfemlxed Panics and fotmd the product 
particles bad a sel^pnaserY^I^g size distribution- 

25 

Great Britain Patent Spedficadon 2,252,707, Tioxide Group Services, Ltd., 
publish August 12, 1992, describes a jHOcess for the decotn|x>sitiicm of 
degrada^e Od^anic tnaterials (e.g., chIoroi^)«ad) using UV light and a 
phcModecon^iosition catalj^ which conpisBS a disk having anatase titanium 
30 dioxicte adhered to it. it is discik»ed tint the titanium dioxiik preferably has a 
high surface area in the rapge from 20-20) in?/gm. No process is disclosed for 
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maidng tius tilammB dlrodde mateiriaJ, Sgs iM, U-S- Patent 5463.626, XJrwin, et 
al. issued Noveaiber 17, 1992. 

OJlis, et al. Eswiron. Sci, TectaoL. 25 {?): 1523 (1991), feerlfees flie mt 
of photocsialysis isj destroy coataroinaMs m witsr. Titammi dioxide Is Sought to 
be m effertiw phsteealta^st bat Itoe is IMe ilm^mon of fee pkysissl 
diaracterBdcs of tfee titsatoti dioxide used. It is ta?#rt that the titsrmm dioKid« 
used lias a pertkjfe ^ of fhan 0 J to 30 fii^ 

DjQunoto. et 9l, BuU. Ctan. Soc. Ipii-, 58: 2023 (1985), discusses the 
phottKWWlytic dscowpositkHi of pftepol using wunase titsnitttii dioxide powder. 
IHe Kvmge psitkte dfameter of tke powder is between 0.7$ and 1.88 ftm. 

U.S. Patent No. 4,892,712, Robemon, Issued Jaraiaiy 9. 1990, describes a 
xsmot fat floid puification wsing photopttalysls. Anataae tiduuam dioxide Is 
taugbt as hmg ?iseftii ib a pfeottKatalyst. fiowevpr, ihgsm h m specific discusaora 
of file physical dwractwistie? of iflte tieimiimi dio:ude vasd, and specificaHy there is 
DO diaonsslm of snt&oe aiea. 

U.S. Patent No. 5,198,403, Brand, cisl. issued Mareh 30. 1993, discusses 
the piodtactipsi of a catalyst material usii^ titaamun dioxide wNch js cooipteiely or 
ptedoDoiim^y im the asntase pimse jaod Ibis a svnface aiea of fmrn 40 to 500 
rf/gnii pmf^tsMy fma 75 to 130 mVgm. 

The intradioctbo of ions into the leactants during production of carbon 
black has been taugbt to be effective in ledncing the particle size of tlie product 
fonoed. Tiie ions can be produced either by tbe addition of iiJisaU metals to the 
reaction sttmm (B^iyiaa, et al. , PiocMdiiigs of tfce Sewimsm SyH^lim 
(Intematioml) on Con*«stion, Tbe Combustion Isistitme. 1365 (1979)) or by using 
an electrjc/magnetjc field (Soviet Paieiit 1,781.260, issued December 15, 1992). 
Neither of these disclosuics sug^ that the presence of ions has any effect on the 
ctystalliHe strw^mre of d»e rartjon black prodBCt. 
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It Icpts slso hmt .mf$Bmi that tiy applyit^ an electric fleltt to kune 
reaeii^ts bete they Msr the oqiQliiMiic)]!! m. pmiteetef slkcm- 
dioxMe, small fm^le size pvcxihict i^ !)« jKotee^.. See, Soviet Pteit 9il§>i§l , 
5 isswd August 7, 19S2, and Hawiesly and Weiaberg, Proceediags of the Fourteeath 
Sj'mpossum Os^ema^ioRai) oa Coetostson, He Coosbustloi! laslitBte, §07 
Iliere is ao t^dbpg ia ^se disclc^ures ikax tas tecimuiue woul^ have any efiect 
oa ibe crystsllke stnictoie of Ote aQlippn dio^dde pnxiact. 

0 the praiustiojl of titaaiuin dioxide in » difiiision flame jreactor using an 

electric field i^pgBe^ \^ fixed flal Bcxem electrodes located ooteide scmteion 
area has been tm^t. S^, Katz, et al. , Proceedings of the Twenty-Tlurd 
Symposium <Int)eniad(»iaI) on Cotnbastioti, Hie CombDsdon Institute, 1733 
(1990). This i^seaifch suggested that the use of such elecaric fields resulted in 

3 iopreased particle stxe of titandnim diojcide. 

The preseat inveiuion relates to a process far prqjaring danism dioxide 
0 powler comprising tfee steps of; 

8) mxim pfe»« Tip* and 0^ in a ipeactiran area; 

b) exknally le»^ said Biixtute m said teactlaii area; and 

c) Goikctb^g the dtaiihiiii dioxide powder fottoed. 

It is pre&ned tint tius process be carried out In a difiusion flame reactor 
5 usii^ oHnbostion of a hydriocaition fuel, particularly tnetfawe, to provide the 

flwoe, Fceferably a dopam (such as SiCW may be addpd to the rcactigii mixtnre 
to desirably affect the praperties of the tittmmi 4loxide produced, it is also 
prefierred that the va^wr phase TlClt be adidcd to Oie leactiom by teibbliiig an men 
gas, such as argw, thrcmsh liquid tiCl^ and diiecting that gss lo lite reaction area. 
0 In a particBlariy preferred embodimeBi, a corona electric field is located across the 
reacdon area where the combostion taliss place. The use of this e^iemic Held 
maximiKS production of p«rddes having high sxafnx area and tow rutile (high 
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amm) -conieiit. Tbe prosiuct made mm *e process of Ilje pr^em .kvMtion aud 
the jise of as* fsoaict as a pholocataiyst ass also clstagd teME. The process of 
tlie fHeeent isnBamisw, paUic^sffly fee ew&ptost wWeii aliaso} the coisiia 
electrfc field, iikp? te used to fwEm ft wiSe mieiy of ceeaaHc powders afli even 
5 metaUjc or aUoy powders. 

i;¥pj^,n.iq>T1BsrillPrS0N OF THE lNyEPm<M 

The present invention relates to a process for the syafliesis of timim 
to dioxide powders by TCI* oxWattonfliydrDlysis. In cftemfcd trnns. <iw renctkjns 
b«kg catfied out in tfie prrawit iwwsstioR ate ss follows: 
TiCl, + Oi TiO, + 2Cli 
TiCl, + IMzO -* TiOi + 430 
The process defined herein consists of three basic steps; <1) mixing the 
15 teactants together, a) »«c«»llyl«artiagtite 

the titaaiOTi dioxide powder formed m *e leaction. The precise detaHs of these 
steps are set forth below. Although specific exectttioi» and exainplcs me 
discussed in tWs applicatien. it is eravisioised that the ptesent ifiventioii 
encompasses the Ml range of 6bvj«is valiants of those specifically d 
20 herein. All percentages and ratios given herein sie "by v^etght'" 
speciM- 



The mixing step takes place ia a reactor. TTiis rector may encompass any 
v«sel or area in whieh the reaoants (TiCl,. O^. and the optional dopant) can be 
mixed in their vapor phase and heated externally . Flame leactars are a i«eferred 
class of such reactors. In a flame jeactor die leactasts a« preseM in the vapor 
phase and are heated by a fl^e. An eifample of sacdt a reactor is a pie-mixed 
flame reactor to which the various leactants are mixed together prior to being 
imrodoced into the flame where the reaction taJses place. This type of reactor is 
known in the art and, for example, is described in George, A.P. , et al, Farad, 



W0WSW3 wcTrnmsmm 
-7- 

Syn^. CbeiD. Soc., 7:63 (1973). 'mcotpomed. hema by xeference. Ano^ier type 
of reactor Is a tuibujent tesctoir. Pvefeined for use m ftst pmmst iitvaation k a 

provides a higher quallly tltamuro dioxide product by ailowtng betEer control of flie 
5 reaction coMittoiss. Lsmlms df^fesion flasvje reactors of she ^pe mefdl m fee 
pressmi; mv«^oii aw described in Foto, Fratsisis and Baron, Cmtmg of Silio 
Fibers by Ulir^fms. ParE^cks in a "'^I'sns Hesctor, Chem. Ex<^. ScL, 49: iSSJ 
<i W) (see specially Fig. i m& ths first paragKipb of the EKperimental section), 
and Formeffii, et al., in Aerosols and Atraosplieric djeasistxy, G.M. Hidy, ed, 
10 Academic Press, New York, pages 45-55 <1972), both iataspomsd by refemesice 
ltei!($isi. Tbe iMnicar diffksioM fbtmt rector feneratiy ccmtsts of five concfiatric 
quartz .tubes limn thick. The diameter of ihe ccHtral mb& is 2ma md fee spacing 
between successive mbes ss Imm. The iHtmber of coBcentric tabes in the reactor 
and Sheir size can be varied dependiiig upon the requiremen'ss of the particular 
15 im;tion. The design of this reactor Is similar to tfee torclies en^loyed in the 
mamifacture of optical fibers ss weil in the syisifeesis of fiuned ^ica. 
'Bamista, J.R.. &t a!, J. Aerosol Sci. 22: 667 (1991). 



The TiCU reactant is introduced into the reactor in the vs^r phase. Any 
20 method of providing TiCl, ia the vapor phase will work m the present bvemjou 
(e.g., aspiration or aerosdiizaitkm). It is piejfbrred, however, that the TiCi^ vapor 
be generated by Iwbblliig m ism pA thiouih li^id TiCU and dixectiiig that gas 
(cpotaking TiCk v^r) jm the reaction area, this faocedois ajlows for precise 
control of nci< flow rate and concentraiJcm in the reaction aiea. A* iKed iMaDdm, 
25 the term "mert" means that the gas whkh is used is inert to chemical reactiGiis 
with TiCU and the other reactants defined herein, ibe gas is also piefei*ly 
anhydrous. Preferred gases for use in diis capacity inclnde argon, ntogen, 
helium, krypton, chlorine, and mbcmres Uieiwjf, Parricalarly prefenied for use in 
the prei^ invention Is argon. 

30 

When a laminar diffision flame reactor is used m the preseat invention, the 
argon gj^/TiCl* vapor is preferably direcjed through tl^ central tube of the flanie 
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teactoi. The gas TiCl* flow rates whized in the pjoc^s of the pyescRi inveMion 
are geBKaly from ibmit iOtonVmm to ^mt SOtemVmn, emd pififerably aae 
from spoilt !50cm'/mia to abowt 25Qaic^/^. Tfess f!o¥/ rate (togetbsr wkb the 
liquid TjCSj tempemme) essradaily defines the cosicewation of TiClj which is 

5 present in the retction area. The TiCU vapor conceatn^on ris.ages (in the reaciion 
am) which are useftil to pceseot iEveation are from aboQl 7x10' mol/min to 
about IxlC^ iraol/nsm, and preferably aie from aboist IxICT* mol/mta lo siboyt SjflG" 
' mol/rain. The actoal concenttation of TiCl, mpw in 6m argOH gas Htay Iw 
costrolJed by teitMjg Are TiCl* U(piid flsnowgh which t|«: atgon gas is bubbled. 

10 The hlgiier the lempeistBi? uHlized, the gpsssn the 'HOI* vapor cowSMttfStiQn 
adneved. In Ot^ ii^fflsd, h is ftieSsatmi tl^ ^ 
flowed or babbled hai) & tempetaliire of ham abiwl 20'>C tp about lOO'C. 

The Tia^/argon flow rate (together wife the flow rates for oxygen, fuel 
15 and dopant, if used) helps detenmHje the resideaace tjaie of the reactants m tJie 

r&actton »rea, Tlus residence tms affects she chsiaidteristlcs of the final titsu^iaa 
dioxide pmd»ct fmoed. A higher flow rate results bt a shorter nesifteaoe time in 
the reaction steft which lesaits in a tonier spwafic surface area Snr the prodnct 
produced. This is coniiterbalaoced by the ttiet an incxease in the TiCl^ 
20 Goncenti^ticin in Ihe mdtan area wUI lesuh in a d»:rease in the specific surface 
area of tihie product tmsed. Thus, resideiice time and TiCt, couceiffiation must be 
balanced in otder to obtain tiie desiisd titaiiiwim dioxide suif ace area. 

The other regukcd xeactant utilized in the process of tte present invemkin 

25 is oxygen gas. Oxygojanaybe fatoxluced intothesys^^^ 

pure oxygen, but is pteferably introdnced into die system as filtered air. Any 
cooventiaoal filtefing process may be used, the oxygen is preferably directed into 
the mmoa flame reactor in the secwjd mube <i.e. . the tube imaediaiely adjacent 
to the cenoaJ tube which is carrying the TCI* wactam). When fatered air is used. 

30 its flow rate into die reactor is generally from about 0.3 to about 5.5 1/min, 

preferably ftom about 0.5 to about 2.5 1/mtn. The higher die flow rate of flie air 



SUiSnTUTE SHEET (ROH 26) 



«txygm} emisiim fbc tessios, tbe lower the residsnce tkae of Ute iisBctauis in the 
rewiaoa ase& msi ttie imsss the mcSste mt& of ibe ti^om diox^ fasmsA, 



Tts reaciian ^ijctu^ wbjich is utiUzed in iie present iBventon may aiso 
5 optioBsily inclade a dopant material, io vapor ptese, to positi¥ety affm the 
physical aKrlbBtes of fee tisMm iioxide iwmed. He dopaai isam^f either be 
prfimixed with tlie TiCl4 feiciaol prior to eatry into the reaction area or tlie TICI4 
reaeiant a^id the dopant may be mixed is She re^don area, ft is prefem?d tot the 
TiCli reactant at»d the dopaat be pfemixed before lOiey are introduced in liie 
10 reaction area. In a laminar diffusion fiame reactor, therefore, it is preferred tliat 
t|i9 dopant v:[|)or ateo be introduced into '&e cmiM core of .the reaclor. 



]D<q)axits whkh sre ussM In fee preseiiE issvcuidoa include silicon, 
phosphorus, georDDjL '-jo-c-, t^jo, mobium, chromiam, silver, gold, falladium, 

15 ahimlinnn, and mktujss hereof. Preferably, thsK dopants are siitrocfciced isio the 
system as cidcnrMiK althou^ otiber conqiounds may be used as long as fjbey ^ 
Hqmids, noay be introduced into dte reaction ^stem in the vapor phase, and contain 
ttie desired dopant elesneist d^ed above (e.|., orgaiio-metatlic compffimds may 
be used). Some of the^ dopant coo^youDds become oxides during the course of 

20 lOie feaction. lie Bse of tin or 

fonnation of ludk crystailine phase iit the titanioin dioxide pnodutx. Qa the other 
band, the use Qf SiCk as the dop»^ In the pmem of the pveseice invention t^itds 
to inaKasize the pieseiwe of the anatase pltase in Die final proclnct and also 
mftiliTitge B paoticle size (which aocofdioi^y maxiniizes the specific surface area of 

25 the final product). lit sekctiiig the atnouaii of dopant to be used in the process, it 
is generally advisable to use the snfidl^ atnount of dopant which creates the 
d^ned effect. For example, it is piefened, wheit stTicaoD tetrachioiide (SiCl*) 
Aapm is fised. that the leactitai mxsm cm$wn fma abont 5% to about 10% 
Si(X on a mokciOar basis when compared to the anu^int of TiCli id th« system, 

30 It is possible to use SiCU levels outsidE: of this ran^e although tlie pradocts 
produced by the reaction will not be optimal for ptenocaialysis use. 
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The dopaia .is geaeiBUy hateodtoced Mo Ihc system to the same way tot tiie 
TiPU imsum is. SfiedfieAlly, it is pirefenwi &m. slie vspor plmc dopaEt be 
iatroiBGed by ^mMmg m tot gas (ix.. inert so *e partscalsr do|saBt sshI oAer 
reactairts afflijEBd m te imjcess) thraagh iflie Uqcid do^tn SEd shat dit depart 
vapor/gas Hira U «&ected tato the leactioE area. Preferred gases for use in Jhat 

jBcWejHStHn, alteE^sii, feidtaa, kij^^o®, chkriiie, ssjd,mixams diereof. 
Ai^ IS partiCTkrJy preSurrcd. The ccwJcesMratkMi of the dopajti ipateml in the 
reaction otk will depend tipon the flow rate of the gss used, as well as on the 
temperatiire of the dopaat throagh which the gas is biilitolBd. In that regssd, it is 
pisferred that the flow rate of the aipw Hjfougb the dopsntt Htpiid be from abotst 3 
I& about SOcro'/roisirte. *at the conrasisratiott of aie tofsrat eeiesii^ flse fpiciioii 
lun^ be from about 7xl(X* to about 1 A%1Q^ mol/miiaite, aiBJ that the i^n^ratssse 
off dte ifajpant liquid through which the argoa is flawed or bubbled be ftm sbm 
-13 to about 25*C. 



Once the Tiq* vapor, the 0^ and the optional dopant are eofflafcined Ib the 
reaction area, they are heatisd via emaal iseatiag of the reacUoii area. Any 
smm^ of tot may be tised ia the presem iawntiott. For exampJe, etectricaJ 
re&istaisce may be aaed to hiat Ite reaction area, to a flame teacior (such as a 
diffjMik»aflan»rB»(*or)te Inthehaninar 
m»sk^ flaiBe reactor, a ftwl ia ffed it»t» the feaesor in a sleeve wliich eomirfetcly 
sunmiiids the reactaais being fed into the reactor. Thereftwe, when the fuel is 
ignited in tte reactioa area it is b«rpb« essentially at the pcr^ry of reactatits 
which are being mixed together in the ceoter of the flame (i.e. . the heatii^ is 
external to the reaction area). It has been found that when this configuration is 
used (i.e., the fiid is fed inio a lawiiBar djffesioa Ham K»ct0t in a siteeve which 
cooapletely swnounds the teactants (TiCl^/Qi) bejag fed into the reactor), a 
significant reduction itt both particle size and rutile conient of the pmduct fonMd 
takes place. In addition, by usiag this configuration and laanipuiating the reaction 
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coB^itiois; to lower precucsor Qo«tteiitiRdons, lower fl^ne leskimis tiit^ axsd 
tow^ flame temp^rattiF^. veiy Hae sinatase titania pcnvdeis cao be prodtK^ 



ft isrcfermd lliat fte fee! used in iflie pnocsss,of piBSSBS invratiGB be a 
3 iiydj'coj'bosE imterkl, prgferaWy methaise, .acetylene, pwpms:, eltane, e*yle»!, 
or mtetisres flser»f . Mefcae is t6e w>st pfcfened fee! for ose herein. TIse 
Sgffiie which is Btllimi in the traction sfamiM be as blue as fiossMe iudicati!:^ 
complete cotBtestion of fee fesi with ireay littte soot pieseist. The flame. genentUy 
lias a temperaiBPe Iwtwecn about 1 lOflK and about 2000K. 

0 

Tbe ptgm«» of wale]: vapor in Ote reaction am p^»£B0les the fismacticHi of 
amtsse ptsase in the dtaniuin tUoxide product formed and, i^emf^. Is desirable in 
the present inventiioB. Water vapor fomis in siiu dtais^ ito combustiot! process 
which is one of the nelsons ydiy cotabiiBdon is tibe {wefeim! source of heat in the 
S preseM tnvtiitian. If a ncai^^di^^ 

imnenSkm, water vapor can be added to the rcactioa iniailiare througii the xeaetar^ 



The fiMl is introteed into flte .i|^tiois m& m a rMe offmm abmit 125 to 
aboitt 40O cm^/nuD, preferably fyxm about 130 tp about 300 cm'/inin. the Mgher 
the flow rates of tibe iiiel and oxygen entering the iMism, the higher the 
tempersttiiE in the jpcadion area. Increased fuel and oxygen flow rates also 
deccease real^noe tiott. The efiscts of fuel (s.g., mettee) flow on the. final 
product are sosmMok hm lieiatlveiy complex. At rel^ttvdbr long residence 
times, the surface xm of the powders formed decivases. At roedium residence 
^mes, die mothaiie flow rate hss little effect on the pratide size, while at short 
residence times, the surface area of the priMliKt foriBed incceaaes wkh methane 
flow rate. The ftanie temperalure increases with inoreasBig inedi»ie flow rate 
ie»ilting in a M^r sinteni^ late of pstticles fbmied asd, Msec, the laarger 
panicle size Oows- surilMre si«ft), Tim, in general, higher flame tesnperattnes 
Insult in both hKsessed paidcle size and ratile content in the prodtict produced. 
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The ffflfd step ia' ttte process of the pseseu! Iwa«m is ssltesrisa of the 
tiuuiitim dipx^e powder formed. This vr.ay b& do^ In m ^.'sys ;<r.owii m 
ffit .sod! M by collection, ttomgh a ffltef or OT a dram. It is pcefen»d that the 
powier-tK: eolkcted oa a mete! (e.g. . si«b1 or aiskel) pkle l«a^,jist mUm 
;retetiion area sM plssxd suck tl»t the gas^ flowing tlragh afe® or 

tbe ait carreots around Ibe flame direct the partlctes foraiBi w piste. It is 
preferred that tHe plate be located from about 3 Mid afooist 12 cm. tmm preferably 
feron abOBt 4 and about 10 cm, above the mouth of &m hwmr. The particles 
formed may alao be colteded by a fslter, sack a gtes fiber filter, which, may 
optionanybc aided by a vacuim pump. The collecdoa shmiM t^ place at ft 
tempergture which is lower than tbe flame temFraas^- 

costtroHing the charactcrisstics of the titanium dioxide powder fbimed by 
the i»D<M!w3 is iinportaBt to note that 

the process: reaction temperataie and resideni^ time to Tbe 
tempecaaire is, of course, controlted in any ooRveatioiial way (fc * . . idsatity of 
fud, flow nte of ftacl, flow rate of oxygen). The lesideiice time in the reaction 
ansa is cMtrolW based flow mtes of 

and the dopaitt <if i»sed) into the feactioo area, the higher the eoHective flow rates 
of these items, the shorter ifee residence time will be in the leaetion area. When 
the reaction temperahire Is reiasively tow (i.e., tto «bo«t 11C» to abottt 150OK) 
and/or the residence time is relatively short <i.e., from »b«it 0.075 to about OA 
second, a ooBectivB flow rate of ftom about 1900 to about 2800cir^/min). the 
titanium dioxide product formed generally wiU have a high aiuitase phase 
composition and a Mgh swrisoe area making it exdeBent for «se as a photocatalyst . 
On the other hand, where the residence iSme of Ihe ieac»s ia the reaction area is 
relatiwly long (i.*-, from about 0.12 to about 0.5 second, ootoive flow rtite 
from about 500 to about ISCJGcroVmm), particularly where the reaction 
teniperature is relatively high (i.e., from about 1100 to about 2000K, particularly 
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from about 1SCX> to sbooi WXK), ibe mmm Moxide ftwinfid coia^ a higli 
lutile {tee i»aiii!f8»ttkHi 9^ a idistiveiy low mf»BC ape&. 

In s paitkailBrly ptefeirred m[ribw&ti«« of tte pneseait inveH^ a coifmt 

isiccs idac& {i.e., vite tibb pas^ii^ m femsd). 'ms prcKs^iMe iltows fbri^. 
fonDati0a of egccdOem qttsfiiy titaraim dioxide particles, Imvlng Isigli smface area 
and low nidle {huigji anatase) conteBl, wI&oti requlrasg the use of tte df^ant 
materials descnbsd aisove. The fact thai Ais remit can be aeMsved Wsthowt using 
dopants yidds a pit^ess which is leas costly Jtai one wMclii feqiwss dqpaias, .sad 
produces a pwdmt wUch. las a d^Pce of pafitsr if def»«s wsse used. 
This piroqess can be applied bNroadty in vapor phase flame gencratioit Kactians to 
fona metallic, alloy and ceramic particies, such as silica, titama, aiimina, borides, 
nitrides and carbides. Examples of such materials include metals (iron, alumismm, 
alloys) m& ceiasiic oxides and their mixtures, such as tin oxide, alsimiBem oxide 
(alumina), silicoii <mde (silica), chioxoium oxide, jioa oxide, gerromam oxide, 
vauadlimi oxide, zinc oxide, zimamam. oxide, co^er oxide or barfeffin oxide. 
Mixed metal oxides, mch as sispercondttclors, can also be prepared. These 
materials ajre ftmncd using vapor phase reactions kuowa in the art with 
improvement of foniiiiig ste particles sb fe preseace of a cofOta diachatge electric 
fidd, Tfee process is especially useful in prepam^ stlscotj oxides and titanitttQ 
dioxide, oiost eipeci^y tiiaBiniii dioxide (titama) in the jmaex described b the 
present appllcattas. 

The chMacteristics of the ekstric field utilized (e.g., its location, polarity 
and strei^tib) can have a sigoifidtiit bnpact on the piapeitks of the titanium 
dioxide formed. SpecTicaKy, the electric field most be a conma (i.e. , a discharge 
of electricity between point etectrodes caused whea the voUage gradient between 
those electBOdes exceeds a certain critica] value) having fkld lines limited to a 
narrow leiam. A Noader electric field, such as one between two pte electrodes, 
will not provide the degree of control required to achieve the b^aefits of the 
pt^seitt inveittioQ. Tks etecttwtes utilized in Ais embodin^ of tltt present 
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inwsiMaon are generaiiy in the form sS nessdleis aiads sf an electrically sOTfactiEg 
mstBrial, such as sl^Hidess steeU caslKm, tin, titsmmm, pte&fMy stntes s«S. 
-wliich come lo a ahSBp FCte (tap stat 23 lo absia 150 nm, preferably Sxm 
about 50 U> abtMJt 100 ^im, in mmmt) m at least oae end. "He iise of smaller 
5 (Uvneier needles peanmits the fowratton of &e corona using tower voltages. 

Th& elecirodes are generally plstced in s horizontal p\sm (i.e., pnlle] to 
the gKRind, such that Hie dkection of Ite electric feid Is approxiimiely 
pCTpeajdicular to fee flow of the .leactaBts), om on eacli slic of tlie flmie with a 

10 gap betwwi tbewi where fee oombiistios g^cejpto. Genemliy, the disiance 
betmm the .tq» of die eleetrodes will ■:;e !xom ^iic\n 30 to about m mm, 
preferably ftom -aboitt 35 to about 45 Bim.. T,Ji£ rips of &e electtodes should 1^ 
placed omskte the flame to mbunuze ccircsioK of itie electrode tip. Preferably the 
tip of each electrode is placed from about 4 to about 10 mm outside the Same. If 

!5 the tips of the electrodes are placed too fer apart, 

the cortma will be too fiett for practkat use. The eJeciio«fes may be posbkHied 
aigrwhere on the vertical axis wiSan the reaction <cainlwatipfi) awa. However, 
best resalts are obtemei whm Ik; etectrndes are placed .at the same .h^jht as the 
hottest part of the flame (i.e., at the point where the ceramic (e.g., tiOi) particlefi 

20 are actoally being framied). This geiMafaUy roeaiis that the etectrpd«i are located 
from about 0.5 id about 30 mm, particwlarly firan abo«tt 1 to about 20 mm, rtiost 
preferably abtmt 1 maa t» aboBt 5 JiBii, abow the mouth of th^ 
Positiimlng the etectrades cliosef to fte bBOier raouith results in the fi»m»tion of 
particles which are smate (i.e., have incieased surfece area). 

25 

WMle not i3iitciidji« to be boond by dieoty. it is believed that the electric 
field opfciates on Ok leacfion in the following uamner. The metallie or ceramic 
<e.g., titaatum dioxide) partirfss, as tihey arc formed ia tiro sre charged by 
the ejectrie field. The iisteractiosi between the particle charges and the etectric 
30 field repete the particles out of the high tempcratme area quickly resulting in a 
finer/smaller particle tlan wo»W have been formed had the particle remained fai 
the high tenverature area for a longer period of time. The charged particles then 
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icaggiOTOttate in a tower mmpsamc area (for example, above the fteiae). This 
lesm HI psirticks which ^ feier ia me (ll«aKljy i&vm » surface 
ami) m wiBcb .coniaia less ruiifle teefare.nieffe apfese) oysrtlM ffease. 
In additkm, tiifi ooroua (partkaiterly at h^Jsr voJ^bcs) acts to flattoi tse flsme as 
A issuite of tiic WWOKB wiiw* eflfect. Tfefe f^Js in slwiter residgnee lime in the 
flms vmeh mset .the forawiBm-of p»«icles wWgIi are sstmUer Ir sfee md, in ffae 
case of TiQj, have a aoatase coiMeM. It is isseful to cortmst Siis effect wifli 
the one described la Kats, et si, Proceedisigs of the Twenty-Tliiid Syissposlum 
(fateraaiiooal) m Combiistion, The Combustion Institote, 1733-173S (1990). In 
Katz. et Rl, the electric fidd was provided by flat metal sciBens wWch charged the 
nsactasis belbre tfiey esteitd the reaction ansa. By tte time fee partlctes mered 
&e taction area ths cterges on Item Md dissipated to a sigmfscant m&nt. In 
iKWition, the placement of the electrodes in Katz, et al made tlie rejjuisioB 
mechanisro described above diffuaiU, if not impossible, to achieve. It is 
inteiestiiig to twte that Katz, et al, reported tbat the presence of the etectrk: field 
made die paitklles fonned larger. 

Tisa eleccw: field used in this prefenred ctHbodtosaa may be amipolBr 
(positive or negative) or bipolar. It is produced using a direct CBrreot. Any 
conventiooal jDC powe-- sourcs m.y iissd. To produce a un^iolar cwona, one 
electrode is connecsed to ae DC po'»vef sapply (either positive of negative) and the 
other electrodt is connected to the ground. For a bipolar corona dischatge, one 
electrode is cOfBiected to tlie poafelve DC power sapply and fte other electrode is 
coiiBeeted to ttoeBCgativeiX: power snppJy. m afq^Iied voltages psefiil in iMs 
embodiment of the present invention sr* ftom about 2 to about 15 ItV, preferably 
from about 4 to about 12 kV, As the voltage increases within these ranges, the 
particles formed tend to he smaller and, in the case of TiOj, have a higher anatase 
cmtm.. The requtied (e.g, , the mmmm voltafe wqnired to get a corona and to 
get m effect on the leaetisBi) and optiiwm voUages wiU, of course, vaiy 
dspendlBg upon the placeiw^ and disaace between the electrodes, the 
coroposition of the electrodes and flie specifics of the reaction involved- 
CSenentfly. unipolar fields tend to give better results than bipotar fi^. Whete the 
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flasne hes positive churge cjiarsucemstics. a positive etectric fusld teods to give 
b^terresvdts. Wllran a fUime !us iterative cfe^ 
etertric fi^ tends to give bstter remits. 

In geiwal, with bofij posiiive aajl negative electric fields, the mtile conient 
of pwtOctes foKBM decfflases as te ^led raMge incnases. Tte spclfic 
fflirftce aieft of fee pardsdtes fcmawd Increases with infireasmg v<rftage between the 
etectrodes (for both un^solsr and biqpolar fields). 

By inimipiktpg tibe coaditjk>i)$ in l)ie iiracdsMi of the jniesctt myention, and 
{MBtiaiiarty tbe legicto tei»?jmt»s« jaad r^dence tiiae, titsute ajoxide powders 
tiaving a range of amt99e fiiase compositta and specific surface areas mi be 
formed thereby maldlig diem useful for & very wide vanety of eisd uses. Wheii 
the titamiim dioxide mateikls are to be used as catalysts in photocatalysis 
(piiotdoxidation) reactkms, the mat^ls should lave a h%h atetaie phase content 
and a mlassvety isl^ SHfece aiea. Preferred titaauro dioxide m^rials for jise fas 
photocstalysis reactioiM oaitain at l«kst aboot $0% aimt&se phase (up to about 
100% ansiasc pl»se is possible usi^ te reactloss of llie present mvention) and s 
specific surface area «rf at least a&soat lOCtaiVgm (preferably from about 100 to 
about 200irf/gin, inost preferably from about llO tn about 175irf/gm). 

The fbU(wic« examples, wtdch are naeant to be iihistrative only and are ijot 
inteiided to restrict *be scope of the pfeseat invention, iMustiftte ttie process and the 
products of the pfesem iiivtntloit. 




A diffusion fianw reactor is !ised for sywtbesis of titaniuin dioxide powders 
by TiCXt oxiiteiiQn/hydioiysis. the reactor consists of five concentrfc quartz tubes 
Inun thick. The dkmem of the ceiatral tube is 2nnn and die spacii^ l««w^ 
successive tubes is lum. 
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Dry sffgM gas (Wri§!st Brothers, 99.8%) ife bebbted thsough a gas^washmg 

bottte eoBtMBii^ timainiss tetracMoride (Aldtich. 99.9%) (teispmitiKS ■=■ 2^iQ 
md is diTOtrd Uirauih & ceriffsl ral>e flame fM»F. Air ratf neater «fe 
passed iffoij^ the secoisd and dsrd mbes of the reacscr, res^tw^, T fe;ap«mn 
iiox&Q psnicies p.-Gducsd by hytotysis and oxidation of TiCl* in tte flame us 
tlienB0pliOfalcsllj eoilmed on a 4* x 4* samkm sml plate. Tli&pl^is kiCKl^ 
San stove ifee moalk of she swicttar. 



A cowaais Ar flow rm of ZQOqmVimn iliroogh the TiCU babbler is used. 

10 1Twcorreq>Bndingino!8rflowiiaeofriC|,fe Affiassflow 
commlief CBi«S ImtaimeHis, Inc.) is used to nmmc tiie mm fa^ of the aigoB 
simm tooag h She TlCk bubbler. Rotameters are used for iHssswing the air, 
mfithaiie aad Ar/SiCi, flows. A 0,015" gauge Pt-Rh ftenpiaGauple (Omega 
Engiiteering) insulated with a mullite sheath is used for nseasnrii^ the flame 

15 lemperaeine. 

The pliase osn^posifioii «rfthe colkcted pardcles is detmniaed by X-ray 
difihffilion (XRD) to a Slemeiis HSm ^acactometer usiag QsK„ radigtioii. The 
weight fracdons of the mtile and anatase phases in the JMples are cakiiiated from 

20 tiw relative intensities of the strongest p«alcs cornsspondii^ to anatase (26 ^25.6 
for the (101) reflection qf aastaae) and mtile (26 = 27.5 for the (110) leflection 
of nit»e) peaks as desert by %iit and Myers, Qaaa9il»tiwe Amlysis of AnaiBse- 
Bvtile Mixtnres wilh an X-my MtracisTOejsef, AttatyOcaJ Chfiot. , 29: 7S0 (1937). 
The sjpecric sttrfaoB atea of the powdexs is detemioBd by mtnogien adsorption 

25 (Gemim 2360, Micromeritics) at 77K wkh the TiansB«ission 
Etecfafon Miraosojjy (TEM) in a thillipi CM20 instniiro(t is used for 
nwrphoiogice! analysis of th6 powders. 

Titanium dioxide powdais ai? synthesized at four ftaine condititsis shown 
30 m Tal^ 1. below, together with ^ cotrespondis^ measintd flame temperatiuies 
and residence tiB»s, Table 2 sitows the specific surface aireas of the powders 
produced, as well die nttile and anatase contents of those powders. Powders 



SUBSTITUTE SHEET {RUIE 26) 



~I8- 

pnxiticai at the various flame ctmditions are desagmted ns Fl, F2, F3 F4. 
Powder Fl has the lowest spedfic siarfece ainea (35m*/g) bssause of Ifee lo^er 
residence time of tte pmides ia She Iteme. Loi^ pesMeusc Shim at llse Mgb 
flimE tempsrmfes caiise cosdesceiEe of ifte aewly formed aggregates, resislting m 
larger primsry particSes and, coasequently, ioss of specsfM; surface area. Short 
tesMmist times apd. low teiie tissqpieia^eim, on te: tawd, ilw 
fornialioB of smaller primaiy particles resu^a® In $arface area powders., 
lewder Fl lias tte Mgbest mtile coaieat (13%) of the powders made, while 
powSess F2 and P3 contain very Hate mile pJisSBe and powder F4 Is ateaost 
cooipletely anatase. The powler F*, beciiHW of Sis sur&ce ai^ 
high amtase tsomst, is m exccMent photocatalyst, fiir example, in fhe 
photooxittation of ptteaol. 





CM4 mm WMs 






!fe3ld$!iee 


I 


m 


9.500 


im 


277 


2 


208 


1.174 


1300 


J36 


3 


277 


1.433 


1340 


m 


4 


2T7 


2.314 


J44P 


75 



TAMJBl 















{*« 


(wt %) 


Fl 


3S 


13 


87 


F2 


S4 


7 


93 


F3 


78 


3.5 


93.5 


S 


110 


<0.1 


>99.P 



SU8STITUTE SHEET {mM£ 26) 



- 19 - 

PhoiocBlatytic cxpesisasm are perfonned using the F4 dunhj^ ok^Mt 
piepared above as Hie tmsi^ wd pta»l as ihe tar^get mokosk. Am^^ous 
stdutioiis of phenol of mitial wmmi tsammmkm o*" ImM OTipEoysd. The 
jMctor worldly vohitBs is 600 cm'. Tlie pH of the solutjcsss is cofltrolW at 3.5 
in the JH^iimsg of the jsaction.. The UV-Ught source used is a 450 W m^diiMsj 
pmssiiiiB, msGmy v^or, quans lamp (fesiovla). The lamp Is pissed mside a 
mmz. cooling jadiet imntersed in fee soteion iisside the feactlon vessei The 
TiOj powder coEceMration in the soltitioB is 0.5 g/L. The t€m|CT*3rs of the 
soiutioia is coetrolied in the range 35-40 «C. The concentration of phenol in the 
solutiofi is Bsouiiorad for a pedod of 120 minute with a 
^ctfophotometer* 

A 50% reduction of phieool concenCrEtioe is obtaiised in less fihao 2 bojsis 
wifihoui bubbliJig oxygen in the sotutian when the F4 dtardum dioxide powder is 
used. This repieaeals exceltrast photocatsdysls performsnce. 

Irradlatimi of TiOj particles witli UV ligM m she waveleagth range of ^ 
4IH) mn provides pairs of holes end electrons. These react witSi adsojtbed specks 
<m the Utankim dioxide sirface smd form reactive hydroxyl radicUs. The latter 
oxidize pheix>l amnding to tlie fbUowijig reactiiHt: 
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Tls iag Hie appnseus aad tite mnstyticat metbods descnbed m EKsmp^ I 
Maost-Stfpe^ titaraisn (Kwiide is ptepaied as Miows. Arf on gss is teblyte«^ 

5 tioongli SiClii (/U«in*. 99.S*%) m a gas-wsshii?g boitle aad is mkad wja aie 
TiKa* isieft spa mmn. TM tof mtere of SsCl, Erf argm flow rate €m 
be vailed to vaiy the SKX soaceffilratioa. The Ar/TiCl* and Ar/SiCi* sirems. are 
premiMd before lliey are lnttod«sgd into fee esme. Hie gas mixmre Is sMied 
into ttis Itae for the ifeacdon. The vapor peesswm of 3\CU s.t raom temperamre 

10 18 much higher to ttoi of TsCU- In orfer to isunsduce small :raiOtBi^, ihe 
tempersaixe of SiCI, is msintaiiwd at -il±l »C usisg scg-sodsism ciao?kte 
mixiiiie. The cOfflcejntiatioHS of TiOl, aad SiCl, in tiie gas stream arc detertnkied 
by sworfing tihe weight of the halldes bsfbie and aiter each snpeximm that is 
earned m while argon is bubbled tfaiough flic halide at comtant flow rate. For 

15 exsmpk, the SiCI/TiCl, molar ratio m the leactton avea (based on moi % of 

TICl,), is 5%. 10%, 15% and 20%, The ratjae conlsBt of the powdeis oHntwnfiA m 
such a r«ctton tends to decrease by iticisasiqg the asioaat of SiCL, introducpd im 
the flame, Hcmce, doping with Si cm be Bsed. with appropriate procsss 
conditions aad controls, to increase the anatasc contept and specific surface aiea of 

20 the titamnn diwide powdsars fonned, thereby imeasuig the ability of those 
{Kiwder to act as photoeatalyst. 



Vm^ the j^iparatos and lewtion condidoiis described hi Bmfip^ i , TiO, 
is synthesizied (without ihe use of dopants) m fee presence of a corom electric 
fieW in accjHdMce with a pideired iembodtot of the present mventofi. In this 
exav^le. the loliowing seaelaoia cooditions are utilized: 

CH4 flow rate = 160 aaVtom, 

Ak flow laic - 0,5 Vmst. 

nCU molar flow rate = 1.4 x 10* mol/min. 

Flame tBDoporatuFe = 1178K 

Be^daice Tiaiie = 0.05 - 0.2 second (averap: » 0.1 second) 
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Hu needle electrodes used tq generate the corona disehaige sss mads of 
stsinJess steel, aie S on bi leag& and conse to a shaip poam (5D - 100 jscm ta 

dismetCT) at qx end. a in^pite sismm liSseto^, one elsctiede is cmmmd 
to *e power sii^yply m& the (Mtier eleictrode Is cojmected to the ground. For a 

5 WpQiar coroEa discbffirge, one deetrode i$ oomiected to tlie positive DC power 

m^ly md the oilier is cewsecteAtoliie neg^ive DC power «»^. ti« 

powr supplies used sre mamifiidtoied by SpeJImas and by Gsnima. E%h Voltsge, 
liK. The electrodes are fKSsitsojied liofizoHSsHy, 1 cm above the mouth of 
hwser. Hie distance iKt^en she electrodes is 4 cm smd the tip of eacli electrode 

10 is sa>oat 6 jjim away from tbe flaBse. A coroiia is ol^served betw^een the electrodes 
wkeiR the ^ikd vdlK^ is above 4 kV. Use ypltage is varied Hwsm 0 »d 10 
kV ia the contestt of positive, neptlve smd bipt^ fields, tlse tilaniuin dioxide 
powder samples are collected onto a mckel plate 7 cm above the mmth of the 
bunser. The specific surface area and ruttie content of the powders formed are 

IS measured as described in l^ample I. Tite following results are obtained. 
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A ^msXBd flms sffiBCtor is med for the sysilhesls of silica m& tm oxide 
powitets by &p oxidation/hydnjlysits of fife»Eir reactive hsHdgs {SiCij or StCU). 
SiCI< is kejK at 273 K .d«e to iSs M^i vapor pre.ssiire sbsI SaQ* Is kept M room 
teiapeifitsie (293 K). Ute- praetor h of atesM. wife m ifflsac - #a»eter of 
0.5" (1 .27 cm). The leactefflis (meSfeane, ak ami the cmm gss Argon with fte 
preearsor) are mised befwe tlwsy eater the flame. The msm electeodes m 
pfeiced at 0. 1 and 1 .0 cm ftonr the tip of the bumef . The distsisce iJetweea the 
tips of fibe needles is feed at 4 cm. The cpiooa between Hie msAs h etmsS 
usitig a positively polar DC po^er supply <SpelliMB). The. powders im- coyesied 
Oil a giffiss fiber filter (Gchaaa Scfentifk) positioned at 11.5 cm from the tap of the 
reactor. The specific surfeoe ansa of sMka and titania powders is obtaiiied as 
described m Example 1. The easperimental conditiDiis and the resaits obained are 
shown below: 

Methane : 237 crnVmo 
Air : 1095 ensVmin 

Argon : 200 wtf/min 

Precursor (SiCl* ) flow latE: 8.3 % 10^ moJ/min 

Spedmc sorface ar<ea, ar'/g 
Needle posltkni from she Tm«ST tip 



Patentlal, kV 


0.1 cm 


1.0 cm 
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PcefiSHfSor (B&Clt ) ftew raie: t.6 x 10* aioVjEUfe 

i^scc' V posit'jc " ^^Tf S,fC" tip 
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A pDOcess cauEied rat w a few naetor for pr^mng tasam 

dioxide powder cos^smg tbs stess of: 

a) mbi:ng vapor phase T1CI4 and O2 in a reaction ares; 

flame which is feaxsoed by ccrabustioE of a hydrocarbon fuel; 
and 

c) collectii® the tltantan didxkSe powder formed. 

A psooess ac«(»dh$ to Cliffim 1 wliereiii tiie fUmae resctor is a 
]Binia»r difiiasioa flMne teactar, 

A process according to Claiia 2 wherein said vapor phase TiCi* « 
fed into the center core of said diSiision fiaoMs reattor. 

A process according to Claim 3 wbereia said vapjr phase TICl^ is 
fmmed by biitd»liag an hnerl m throsigh TiCl, liqiiid. 

A process Bccording to CSaim 4 wlieiein said gas is selected from 
the grosq> consistliig of aisoo, nitrtigen, krypton, helium, chloEim, 
ai4 tnubuaiies theieof . 

A process accofding to Ctaim 5 wheiem the gas flow rate of the 
rCl, vapor is from aboMt 100 to about 300 £in*/n»ii and the 
coacenttatiDn of TiCl, eiMeriflg the ceactor is from about Txia" to 
about 1x10^ aiol/nun. 

A process accordiuig 10 Claiia 6 inteein the O, is fed into a sleeve 
of said diffi£isio9i flame reactor adjacem to the cerara- core. 
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A procfiss mxamg to cma 7 wherefe the O, is todncwl as sur 
{savins a ^ rate is ftom safeojst 0,3 to jfljout 5.5 Whme. 

A ptoceas accost to Claim 3 wfeeieia Sip fuel is fed imo said 
di€M{Mi fiassie xeams m a slepw wbich sumninds ^ae sleeves 
CSix:^ the pbtw T1€^ 

A proce^ .acconiing to Clam 9 wheraln the flow rale of sstid ftiel 
into the ira«or is from atom 125 io about 400 cm'/axm. 

A process accordiEi ?o Ckitii 10 wher^tt Uw ftiel is sfifcctt^i from 
the gmup cosisMng of mefesne, scetylene, inop^, ^iane, 
ethyleie, and mixtares ttoeof, 

A process according to Claim 11 wheiein the flame has a 
mapesmas of ftom about llOOK to about ZOOOSC as^ Is him 
indlcatii^ swlJStantially cooqjktc jcon*ws!i<m of ifee fiuel 

A process according to Clafan 12 wteaein the fuel is methane and 
tbe carrier gas for TiCl* is arg»n. 

A piocess acceding to Qaim 13 is watied out under low 
temperasmsfr {about 1100 to s*OBt 1500 K) »id a short lesideijce 
time in the reaiciion wea (aboBt 0.075 to about 0. 1 seconds), 

A proess according to Clatei 14 wherein the argmi flow rate is 
ftom about 150 to about 250 cirf/rnin and tlus TiO, coucestration in 
the reaction area is from aboot 1 x 10* to aiwit 5 x 10* woVmsi, 
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A process for preinKiBi ti^^ 

a) snxiag m a leactiQO area vapor ptese TeCU, asd a aopaat 
s;e!«e;liit' from 3^ gissajp comisfesg of conipossds of silicon, 

!s, germsamra, boron, .tm, alwiratowm, mobtan, 
m, slSwr, gc^d, psiladfem, sM mkaires ttmof; 

b) exteimafiy hestii^ said mixtuie in said feaction area; and 

c) coUectiag the titamxiin iSksais powder foraaed, 

A process aostwdi^ to ClaHn 16 which is sams^ m% In a lautmar 
dif&sioD ftMiK jeactor aad wheiein seid dopsss is selected from tSxs 
group ccnsistisfg of sbSfxvies of silicon, phosplu^is, pmsnium, 
txwon, nn, ahiiimHBtii, mobium, chromiiun, stiver, gold, pai!adium, 



IS. A imxeess accontlqg to Clmt 17 wherpin tli«! nuxtBaue is healed by a 
flame whidb is fonncd combiufltion of a lqfdroea«ton ff»l. 

19. A prcKBSs accoidii?g to Cteim 18 whenan the dopaot is silicon 
tetiachiadde. 



20. A process aceaiSag to Ckam 19 wigestki the leactioai nuxtuie 
coaa^ fwm about 5% to about 10% SICU o<9 a aiolecttHir basis 
(SOmfiacisd to tiie affiiouiiit of TiCt*- 

21 . A produci made accordiiig to fHOcess of ClaHB 1 . 



22. A product made apeonding to the ptocess of Claim 14. 

23. A prodiEttt snade acconfijig to the process of Claim 16. 

24. A prodBCt ta^ according to the process of CWta 20. 
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25. A photenKKistton readtbn which ndtizes the csnDpoend of Cteim 21 
as ft csxm^st. 

26 . A pibptqaiKidadioii mectiaa wtiicfa 9tii£Ees fee con^ptUKi of Claiitti 23 

27. A i^bc^twindstkai fcactkMi which udltzes the cooipQuiid of Claim 24 
as a caiaiyM. 

2S, A process RccenKng to Claiin 1 whrareui acjoss ^id ireae|{0|] ms^ is 
a comHiB eleetrlc field havtsg a volmge jton about 2 to ahout 13 
kV. 

29. A process according to Claim 28 \it^erei}i the flame tesxttoi is a 
laminar difftision flame reactor. 

30. A process accordii^ to Claim 29 utribeieia the corpaa «li»:t7lc field is 
fonaed hetw^ea two needle electrodes hotiiKmtaliy positiatvd o» 
opfWisite sides of the ftame at a height aboiVB the mouth of tihe 
hanm «^ich correipaiids to the hottest aiea of t^e flanie. 



31. A process according to dam 30 wherein the distance betwe^- ^le 
oi^iog lips of the «l9CtFod(:s is from a^iom 30 to shout 60 nim. 

32 . A pnjcess according to Claiin 31 ^vherein the etectrodes are plapql 
from abottt O.S to abintt 30 mm above the mouth of the burner. 

33. A process accordiiig lo Claim 32 whcidto flie vs^tagc of the el<sctric 
field is from about 4 to about 12 kV. 
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utiipglair. 

35. A process accorsltog to Claim 11 wherela xtoss smd rescrioit af®i 
is a esmm electric field having a voltage fjxm about 2 to abont 
15 kV. 

36. In a ptraeess fi»r jbniutig laetaUic or CBiamic pattkles In a yapor 
pEiasc ieactiOfl tite napcqvaiient it^tezdn the panicles are fonned Ifi 
Oie presence of a cchoi» dtsctisfge etedaric f!ekl. 

37. A process ac«»rdfcg to Claim 36 wiserein ceiwnic particles selected 
£rom the group consisting of silica, titaoia, abmiiiiiia. ziiconia, zinc 
oxide, tija oxide, germaiila, borides. ntaides, carbides and mixtures 
Aereof are fonned. 

33. A process aoKtidsetg to ClaUn 37 wiieieini Hie ceramic pattidffis 

fonned are setected from group cwwlBtiBg of »lica. tiiania mi 
tin oxide. 

39. A process sceonlbig to Claim 38 whertin Hk ooroita discharge 
electt^ field is fanned between needle etectxpdes. 

40. A procciss according to Claim 39 whcieiit the datance between said 
etectmdes is fixm about 30 to about 60 wm. 

41 . A process according to Claim 40 wherein the corona d^harge 
electric jReM a voU^ of from aboitt 4 to about 12 kV. 

42. A process according to aatot 41 wherein the reaction is carried owt 
in a leactcff selected from the group consisting of premixed flame 
reactors, o^rbqiem flame reactors atal laminar difitision flame reactors. 
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43. A ;h?oc«s« according to Clsinit 42 whereii) the reaction is fstnM oat 
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